Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by pathogenic autoantibodies against nucleoproteins and DNA. Here we show that DNAcontaining immune complexes (ICs) within lupus serum (SLE-ICs), but not proteincontaining ICs from other autoimmune rheumatic diseases, stimulates plasmacytoid DCs (PDCs) to produce cytokines and chemokines via a cooperative interaction between Tolllike receptor 9 (TLR9) and FcgRIIa (CD32). SLE-ICs transiently colocalized to a subcellular compartment containing CD32 and TLR9, and CD32 + , but not CD32 -, PDCs internalized and responded to SLE-ICs. Our findings demonstrate a novel functional interaction between Fc receptors and TLRs, defining a pathway in which CD32 delivers SLE-ICs to intracellular lysosomes containing TLR9, inducing a signaling cascade leading to PDC activation. These data demonstrate that endogenous DNA-containing autoantibody complexes found in the serum of patients with SLE activate the innate immune system and suggest a novel mechanism whereby these ICs contribute to the pathogenesis of this autoimmune disease.
Introduction
Systemic lupus erythematosus (SLE), the second most common autoimmune disorder, after rheumatoid arthritis and the prototypic immune complex (IC) disease, is characterized by autoantibody production and IC formation, which results in immunologically mediated tissue injury (1, 2) . The serological hallmark of SLE is the presence of high levels of autoantibodies against nuclear antigens, in particular autoantibodies against DNA (3) . These autoantibodies are thought to contribute directly to the pathogenesis of SLE, as they precede the development of clinical disease in most patients, and levels of anti-DNA antibodies correlate with disease activity (4, 5) . Deposition of autoantibody-nuclear antigen ICs in tissue is thought to induce local activation of the innate immune system. Mutations in C1q and Fc receptor genes have been associated with SLE (6) (7) (8) , which suggests that immune cell activation by complement peptides and/or Fc-receptor cross-linking may participate in SLE pathogenesis. Recent evidence, however, has suggested that a mechanism of immune cell activation, in which the involvement of the DNA component of SLE-ICs is critical, may also contribute to the development of SLE pathology (9) (10) (11) (12) (13) (14) .
Recent evidence from both human SLE patients and mouse SLE models has implicated IFN-α in the development and/or progression of this disease (12, 13) . Many SLE patients have extremely high levels of serum IFN-α, and levels of this cytokine have been found to correlate with disease severity (15) . In addition, crossbreeding of SLE-prone NZB mice to mice genetically deficient for the α chain of the IFN-α/β receptor mitigates the SLE phenotype of the NZB mice, reducing both the levels of anti-DNA antibodies and the severity of glomerulonephritis (16) . Anti-DNA antibodies isolated from SLE serum, when combined with DNA from apoptotic cells to form ICs, have been shown to induce IFN-α production in PBMCs (10) . Plasmacytoid DCs (PDCs) were subsequently found to be the major source of IFN-α within the PBMC population stimulated with these ICs (13, 17) . In human blood, 2 types of DCs are present: CD11c + myeloid DCs and CD11c -plasma cell-like PDCs. PDCs are present in the blood at a relatively low frequency (approximately 0.1% of PBMCs), but upon activation they produce high levels of IFN-α. Taken together, these data suggest an important role for the production of IFN-α by PDCs in the pathogenesis of SLE (9, 17, 18) .
A possible role for the DNA component of SLE-ICs in immune cell activation was suggested after the DNA contained in these complexes was characterized. The DNA in DNA:anti-DNA autoantibody complexes purified from the blood of SLE patients has an average length of 180 bp, a size consistent with apoptotic cleavage of chromatin (19) . Interestingly, the CpG dinucleotide frequency of the DNA found in SLE-ICs is 5-6 times higher than the expected frequency in the genome (19) . In vertebrate DNA, CpG dinucleotide sequences are generally suppressed; however, unmethylated CpG DNA sequences are found in clusters near the 5′ coding region of genes called CpG islands, and this DNA can serve as a stimulatory ligand (20) (21) (22) . Synthetic oligonucleotides based on the DNA sequences cloned from SLE-ICs stimulated the expression of IL-12 and IFN-γ in human PBMCs (23) . These data suggest that CpG-containing human DNA fragments in autoantibody complexes can induce direct cellular activation.
The discovery of CpG motifs in the DNA of SLE-ICs suggests that Toll-like receptors (TLRs) are involved in the activation of immune cells by these complexes. TLRs are pattern-recognition receptors that serve the important function of detecting pathogens and activating innate immune and inflammatory responses (24) (25) (26) (27) (28) . While originally thought of as a receptor that recognized bacterial DNA, TLR9 has been demonstrated to directly mediate recognition of unmethylated CpG DNA sequences regardless of origin (29, 30) . TLR9 has been shown to be solely responsible for the recognition of CpG DNA motifs, as cells from TLR9-deficient mice are unresponsive to the immunostimulatory activity of CpG DNA (31) .
In PDCs as well as in macrophages and B cells, TLR9 is localized to the endoplasmic reticulum (32) . In order for CpG DNA to activate PDCs, it must therefore be internalized to TLR9-containing vesicles. How PDCs internalize CpG DNA is unknown, and this is one of the central questions we sought to address in this study. Synthetic ICs of mouse IgG and CpG-containing DNA have been demonstrated to activate mouse transgenic B cells that express a B cell receptor (BCR) specific for self IgG, suggesting that the BCR is involved in the presentation of CpG DNA to TLR9 in B cells (14, 33) . While these studies are intriguing, their relevance to human autoimmune disease and to the mechanism by which ICs containing CpG DNA activate B cells other than those specific for IgG remains unclear.
Recent data from several groups suggest that SLE serum activates human PBMCs (9-12, 17, 18, 34, 35) . In this report, we extend these findings by demonstrating that serum from patients with active SLE, as well as DNA-containing ICs (SLE-IC) purified from the serum of these patients, stimulates PDCs in a TLR9-dependent manner. In contrast, serum or ICs isolated from patients with other rheumatic autoimmune diseases do not stimulate PDCs. SLE-ICs stimulate PDC expression of IFN-α as well as PDC expression of many other cytokines and chemokines that may play important roles in the pathogenesis of lupus. Further, we found that CD32 expression on PDCs was necessary for these cells to internalize and to be activated by SLE-ICs. Finally, using confocal microscopy, we demonstrate that all 3 components of this pathway -SLE-ICs, TLR9, and CD32 -associate intracellularly. Figure 1A ). Only SLE serum containing anti-DNA autoantibodies induced IL-8 expression in human PBMCs. Next we compared the stimulatory ability of ANA + DNA + ICs purified from SLE patients to ANA + DNA -ICs purified from Sjogren syndrome or rheumatoid arthritis patients. IC formation in our purified preparations was verified by the relative ability of ICs to bind C1q, as ICs bind more avidly than monomeric IgG (see Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI200523025DS1). Both ANA + DNA + and ANA + DNA -IC preparations bound more strongly to C1q than did uncomplexed IgG (data not shown). We also verified IC formation in these purified samples by anti-double-stranded DNA (anti-dsDNA) ELISA (Supplemental Table 1 ). We found that only ICs containing anti-DNA antibodies (SLE-IC) stimulated IL-8 expression ( Figure 1B) . Moreover, SLE serum cleared of ICs lost its stimulatory ability ( Figure 1B ). These results demonstrate that ICs containing DNA and anti-DNA antibodies are responsible for the stimulatory activity of SLE serum. To determine which cell types in the PBMC population were responding to SLE-ICs, we stimulated purified human PDCs, monocytes, neutrophils (PMNs), B cells, T cells, and monocyte-derived DCs (mDCs) for 3 hours. We found that PDCs, monocytes, and B cells responded to SLE-IC stimulation ( Figure 1C ). In addition, we found that PMNs pretreated with 50 ng/ml GM-CSF for 90 minutes responded robustly to SLE-ICs. This finding is consistent with our recent demonstration that TLR9 function on PMNs requires GM-CSF pretreatment (36) . Finally, SLE-IC stimulation of IL-8 expression correlated with TLR9 expression, which was found at high levels in human PDCs, monocytes, B cells, and GM-CSF-treated PMNs, but not T cells or mDCs (data not shown).
Results

Anti
SLE-ICs, but not non-SLE-ICs, induce cytokine and chemokine production from PDCs. Several groups have demonstrated that sera isolated from SLE patients induces cellular activation in vitro (23, 37) . In addition, Ronnblom and coworkers have demonstrated that a combination of SLE-IgG and apoptotic U937 cells induces IFN-α production in PDCs (10, 11, 35) . In order to determine the dose response of SLE-IC-induced chemokine and cytokine activation in PDCs, we stimulated PDCs with ICs from SLE and non-SLE patients for 8 hours, then measured IFN-α and IL-8 mRNA expression by quantitative PCR (QPCR). Stimulation of PDCs induced a robust, dose-responsive IFN-α and IL-8 mRNA accumulation (Figure 2A) . In order to determine the kinetics of this response, PDCs were stimulated for 1, 3, 8, 24, or 48 hours with 100 ng/ml non-SLE-ICs or 100 ng/ml SLE-ICs. We detected maximal IL-8 mRNA after 3 hours of stimulation, while IFN-α mRNA expression peaked at 8 hours ( Figure 2B ). Based on this data, 100 ng/ml SLE-ICs were used for the remaining experiments in this study. To demonstrate that increases in IL-8 and IFN-α mRNA levels were accompanied by protein production, ELISA was performed on the supernatants of PDCs stimulated with SLE-ICs for 24 hours. The results were consistent with the RNA data ( Figure 2C Figure 2E ). Interestingly, many of these cytokines and chemokines have potent immunoregulatory functions that have been implicated in autoimmunity. Furthermore, ICs purified from non-SLE patients or uncomplexed anti-DNA antibodies alone did not induce chemokine/cytokine production in PDCs (data not shown). These data demonstrate that FcγR cross-linking alone does not induce chemokine/cytokine production by PDCs and also suggest that low levels of free DNA, which might be released into the tissue culture supernatant, do not induce PDC activation. Finally, the chemokine and cytokine pattern induced by SLE-ICs in PDCs correlates well with the pattern found in PDCs stimulated with synthetic CpG-A DNA (data not shown).
The DNA and antibody components of ICs contribute to cellular activity. In order to test our hypothesis that the DNA component of ICs isolated from lupus serum is necessary for inducing cellular activation, we stimulated PDCs for 8 hours with non-SLE-ICs, SLE-ICs, or DNase-treated SLE-ICs. We found that DNase treatment of SLE-ICs neutralized 90-100% of their cellular activity ( Figure 3 ). This demonstrates that the DNA component of ICs is required for its immunostimulatory activity. Interestingly, proteinase K treatment also neutralized SLE-IC-induced activation, demonstrating a role for the protein IgG portion of the complex (data not shown). To determine whether the contribution of the IgG occurs solely through its ability to cross-link and form complexes or the Fc portion delivers a signal to PDCs, the SLE-ICs were treated with pepsin or papain, proteases that cleave human IgG antibodies into Fc/Fab and F(ab′) 2 fragments, respectively. We found that these enzymes abrogated 85-95% of the SLE-ICs' cellular activity ( Figure 3 ). These data suggest that both the DNA and the antibody components of ICs contained in lupus serum are important for inducing maximal cellular activity and that the Fc portion of the antibody is required. These data are also consistent with data by Bave et al., which demonstrated that the stimulatory capability of lupus IgG combined with apoptotic DNA was neutralized by papain and pepsin treatment (35) . To determine whether the Fc portion of the antibody is involved in direct signaling or is solely required for internalization of DNA, we added FuGENE6 to papain-, pepsin-, and DNase-treated SLE-ICs. FuGENE6 is a liposomal carrier used to transfect DNA into cells. We found that the liposomal carrier rescued the cellular activity of the papain-and pepsintreated SLE-ICs to a level similar to that of untreated SLE-ICs but had no effect on DNase-treated ICs (Figure 3) . In control experiments, we found that FuGENE6 treatment alone failed to
Figure 3
Both the DNA and antibody components of SLE-ICs are necessary for activation of PDCs. Total RNA was isolated from normal human PDCs (1 × 10 5 cells) stimulated with 100 ng/ml of non-SLE-ICs, SLE-ICs, or SLE-ICs pretreated with immobilized DNase, papain, or pepsin. Some ICs were pretreated with 5 μl of FuGENE6 for 15 minutes prior to stimulation. Expression of IFN-α was determined by QPCR and is depicted as the number of copies of mRNA per copies of the control mRNA GAPDH. induce chemokine or cytokine production in PDCs. In addition, experiments using heat-aggregated IgG further demonstrate that FcγR cross-linking alone fails to induce robust chemokine or cytokine production in PDCs (data not shown). These results demonstrate that the IgG component of the SLE-IC is used primarily to facilitate uptake of the DNA component, which is necessary for cell activation.
TLR9 expression confers SLE-IC-induced cellular activation. Since the DNA isolated from SLE patients has been shown to be enriched in CpG motifs, we hypothesized that it stimulated cells through TLR9. To test this hypothesis, human embryonic kidney (HEK) cells, which are normally unresponsive to ICs, were stably transfected with TLR9, TLR2, TLR3, or TLR4/MD-2. As expected, HEK cells expressing TLR9, but not those expressing TLR2, TLR3, or TLR4/MD-2, were responsive to SLE-ICs ( Figure 4 , A and B). We recently demonstrated that TLR9 is localized intracellularly in the endoplasmic reticulum of PDCs and macrophages (32) . In addition, we demonstrated that as CpG DNA is internalized, TLR9 redistributes from the endoplasmic reticulum to CpG-containing lysosomes where signaling occurs. To facilitate SLE-IC uptake by HEK cells, we combined SLE-ICs with the liposomal carrier FuGENE6. SLE-ICs pretreated with FuGENE6 induced a 5-fold increase of IL-8 mRNA over that in cells treated with SLE-ICs alone. Furthermore, DNase treatment of the SLE-ICs completely abrogated its TLR9-dependent activation ( Figure 4C ). These data suggest that internalization of SLE-ICs is a limiting factor in the response of HEK/TLR9 cells. To demonstrate that TLR9 plays a role in the response of PDCs to SLE-ICs, we stimulated PDCs in the presence of increasing doses of chloroquine or a synthetic GpC-DNA oligonucleotide. Several groups have shown that CpG DNA signaling can be inhibited by synthetic inhibitory oligonucleotides or by administration of chloroquine (14, 30, 38) , which blocks endosome acidification and maturation (39) . Both chloroquine and GpC oligonucleotides blocked SLE-IC-induced IFN-α production in a dose-dependent manner in PDCs ( Figure 4D ). In control experiments, we found that chloroquine and GpC oligonucleotides were unable to block lipopeptide-induced IL-8 production in PDCs (data not shown). These results demonstrate that TLR9 expression plays a critical role in recognizing ICs in SLE serum. Moreover, these data suggest that the DNA component of ICs is required for cellular activation. Chloroquine inhibition is also noteworthy because it is used as a treatment for autoimmune diseases, including SLE (40, 41) .
CD32 expression is required for SLE-IC internalization and activation by PDCs.
The above data using papain and pepsin demonstrated that the Fc portion of SLE-ICs is necessary for inducing maximal cellular activation. To test whether FcγRs are involved in mediating SLE-ICinduced cell activation, we stimulated PDCs in the presence or absence of neutralizing antibodies against CD16 (FcγRIII), CD32 (FcγRII), or CD64 (FcγRI). We found that neutralizing antibodies against CD32, but not against CD16 or CD64, blocked SLE-IC-induced IFN-α production by PDCs ( Figure 5A ). This result is consistent with recent reports demonstrating that anti-CD32 antibodies neutralized lupus serum and lupus IgG combined with apoptotic DNA activation of PBMCs (34, 35) . To determine whether CD32 is involved in internalization of SLE-ICs, we stimulated PDCs in the presence or absence of neutralizing antibodies against CD16, CD32, or CD64 and measured internalization of fluorescently conjugated SLE-ICs. We found that antibodies specific for CD32, but not for CD16 or CD64, blocked PDC uptake of Alexa Fluor 633-conjugated SLE-ICs ( Figure 5B ). Since HEK cells do not express CD32, we made stable cell lines expressing TLR9 and CD32 (HEK/TLR9/CD32). We found that expression of human CD32 (isoform A) on HEK/TLR9 cells increased their sensitivity to SLE-ICs to a level similar to that of cells stimulated with SLE-ICs plus FuGENE6 ( Figures 5C  and 4A ). CD32 expression in HEK/TLR9 cells also enhanced internalization of ICs ( Figure 5D ). These results demonstrate a mechanism whereby CD32 facilitates the uptake of SLE-ICs and delivers it to intracellularly expressed TLR9. To rule out possible nonspecific effects of the neutralizing antibodies, we tested whether CD32 expression on PDCs was necessary for SLE-IC internalization and activation. Previous experiments have demonstrated that approximately 50% of the BDCA2 + PDC population is CD32 + (Supplemental Figure 1; ref. 35 ). For our experiments, we sorted bulk BDCA4 + PDC population into BDCA2 + CD32 + and BDCA2 + CD32 -subsets and stimulated these cells with increasing doses of SLE-ICs. We found that SLE-IC induced robust expression of IFN-α and IL-8 in CD32 + PDCs, but not CD32 -PDCs ( Figure 6A ). We also found that CD32 + PDCs, but not CD32 -PDCs, efficiently internalized SLE-ICs ( Figure 6B) . Together these data demonstrate that the BDCA4 + BDCA2 + CD32 + PDC subset internalizes and responds to SLE-ICs. Since both CD32 -and CD32 + PDCs expressed similar levels of intracellular TLR9 (data not shown), we determined whether the addition of FuGENE6 with SLE-ICs could stimulate CD32 -PDCs. We found that FuGENE6 enhanced SLE-IC uptake and restored IFN-α production in CD32 -PDCs ( Figure 6 , C and D). These data suggest that the CD32 + PDC cell population is particularly sensitive to SLE-IC stimulation and also suggest a mechanism whereby CD32 shuttles the SLE-IC to the intracellular TLR9 compartment.
SLE-IC colocalization with CD32 and TLR9. To determine whether trafficking of SLE-ICs into cells was related to TLR9 signal transduction, we performed confocal microscopy studies of yellow fluorescent protein-tagged (YFP-tagged) TLR9-expressing U373 cells exposed to Alexa Fluor 633-conjugated SLE-ICs. We found that TLR9 was actively recruited to SLE-IC-containing vesicles (Supplemental Figure 2) . This interaction occurred rapidly, but transiently, in as little as 5 minutes, with no interactions found after 30 minutes. In addition, we found no interaction of non-SLE-ICs with TLR9 at any time point (data not shown). These results demonstrate that vesicles in which TLR9/SLE-ICs colocalize might be the intracellular location of ligand receptor interaction.
Since our earlier experiments suggested a role for CD32 in the internalization of SLE-ICs, we also generated U373 cells stably expressing CD32-cyan f luorescent protein (CD32-CFP) and TLR9-YFP. We found that CFP-tagged CD32 (green) is located on the plasma membrane and that YFP-tagged TLR9 (red) is located in the endoplasmic reticulum of quiescent U373 cells ( Figure 7A ). Following treatment with Alexa Fluor 633-conjugated SLE-IC (blue), we found that SLE-ICs colocalized with CD32 and TLR9 ( Figure 7 , B and C).
In the above experiments, we found limited and focal colocalization of CD32 and TLR9 with ICs purified from SLE patients (SLE-IC, ANA + DNA + ), but not from non-SLE patients (non-SLE-IC, ANA + DNA -). These experiments suggest that DNA-containing ICs present in SLE-ICs were responsible for TLR9/CD32 colocalization and that the noncolocalizing ICs observed in these experiments were most likely non-DNA-containing ICs, since the SLE-IC also contains many non-DNA ICs ( Figure 7 , B and C). To ensure that anti-DNA ICs in SLE serum were responsible for this observed TLR9/CD32 colocalization, we isolated anti-DNA ICs from SLE serum using a DNA affinity column. Following treatment with purified anti-DNA ICs (blue), we found that nearly all of the anti-DNA ICs colocalized with CD32 and TLR9 ( Figure 8A ). Meanwhile, non-SLE-ICs and free IgG colocalized with CD32, but not TLR9 (Figure 8, B and C) . While anti-DNA ICs, non-SLE-ICs, and free IgG induced a redistribution of CD32 toward the center of cells, only anti-DNA ICs induced TLR9 redistribution. These data support our hypothesis that CD32 delivers DNA-containing ICs contained in SLE serum to intracellular pools of TLR9.
We previously demonstrated that after CpG DNA stimulation, TLR9 translocates from the ER to acidic lysosomes (32) . To investigate whether CD32 redistributes to the same compartment in which TLR9 is expressed, we incubated cells with lysotracker, which identifies acidic lysosomes. We found that CD32 redistributes from the plasma membrane ( Figure 7A ) to small Figure 8, A-D) . Colocalization studies of cells incubated with lysotracker indicated that these structures are acidic lysosomes ( Figure 8D ). Thus, CD32 sequentially binds, internalizes, and delivers anti-DNA ICs to lysosomes where it interacts with TLR9.
Discussion
In this study, we have demonstrated that DNA-containing ICs purified from the serum of patients with active SLE stimulate specific classes of leukocytes in a TLR9-dependent manner. This stimulation required the expression of CD32, which facilitated the internalization of SLE-ICs into subcellular lysosomes containing TLR9, where binding and signal transduction can be initiated. Our findings demonstrate a novel functional interaction between Fc receptors and TLRs and raise the possibility that ICs containing ligands for other TLRs, such as RNA, may activate immune cells through similar pathways (i.e., FcR/TLR3).
We found that leukocyte subsets that have been shown to express both TLR9 and CD32, including human PDCs, monocytes, B cells, and PMNs pretreated with GM-CSF, responded to SLE-IC stimulation (35, 36, (42) (43) (44) . In contrast, leukocytes not expressing both components of the TLR9/CD32 pathway, including T cells, mDCs, and untreated PMNs, did not respond to SLE-IC stimulation. Of note, there appear to be species-specific differences in TLR9 expression. TLR9 is functionally expressed on mouse but not human mDCs, a difference which might render mouse models of SLE less directly relevant to human SLE (45) .
Human CD32 is a low-affinity receptor for monomeric IgG but binds avidly to IgG present in ICs. CD32 has been previously demonstrated to be required for IFN-α expression induced in PDCs by ICs that were produced by combining autoantibodycontaining IgG from SLE patients with apoptotic U937 cells (35) . Our study extends this finding, demonstrating that the presence of CD32 is critical for PDC IFN-α expression induced both by the serum of patients with active SLE and by ICs purified from this serum. As noted, our study also identifies the mechanism through which CD32 participates in the stimulation of PDCs by SLE-IC: CD32 is responsible for delivering SLE-ICs to intracellular lysosomes containing TLR9, enabling TLR9 to bind CpG DNA contained in these ICs, thereby initiating TLR9-signaling pathways. In our experiments, we found that CD32 -PDCs were able to respond to hypomethylated CpG DNA if we bypassed the CD32 internalization pathway, delivering this DNA to intracellular TLR9 in CD32 -PDCs by transfection. In future experiments, it will be interesting to determine whether CD32 -PDCs express an internalization receptor for CpG DNA other than CD32, which may recognize this DNA when it is present in contexts other than ICs, such as in bacteria or viruses (46, 47) .
The dependence of SLE-IC-induced TLR9 activation on internalization of these complexes through the CD32 pathway is consistent with the concept that TLRs are not phagocytic receptors but rather are dependent on other receptors for internalization of their microbial ligands. Surface immunoglobulin, i.e., the BCR, has been demonstrated to be able to deliver CpG DNA to TLR9 in B cells (14, 33) . In these experiments, synthetic ICs of mouse IgG and CpG-containing DNA have been demonstrated to activate mouse transgenic B cells that express a BCR specific for self IgG. Pretreatment of these ICs with DNase and of these B cells with TLR9 inhibitors both prevented these ICs from inducing B cell proliferation (14) . Further, mouse transgenic B cells that express a BCR recognizing specific DNA sequences may be directly activated by CpG DNA (33) . Together, these data suggest a pathway in which the BCR is able to deliver CpG DNA to TLR9 in murine B cells. Our data now extend these findings by demonstrating that DNA-containing complexes isolated from SLE patients can activate human leukocytes through a non-BCR pathway. Human B cells also express CD32 (44) ; however, we found that SLE-IC internalization and activation by B cells was only modestly (10-15%) decreased in the presence of CD32 (AT10) blocking antibodies (data not shown). Together these results suggest that the TLR9/CD32 pathway is necessary for delivery of SLE-ICs in PDCs while the BCR/TLR9 pathway is sufficient in B cells.
Figure 7
SLE-ICs associate with TLR9 and CD32. U373 cells coexpressing YFP-tagged TLR9 (red) and CFP-tagged CD32 (green) were left untreated (A) or incubated with Alexa Fluor 633-conjugated SLE-ICs (blue) for 5 minutes (B and C), and living cells were imaged by confocal microscopy.
We found that stimulation of PDCs by SLE-ICs through the TLR9/CD32 pathway induced robust PDC expression of IFN-α. As noted, correlation between disease severity and IFN-α levels in SLE patients (15) and mitigation of disease in a mouse model of SLE by disruption of IFN-α signaling (16) have implicated IFN-α in SLE pathogenesis. High levels of IFN-α in the serum of SLE patients have been postulated to play a role in the loss of tolerance to autoantigens in SLE. It has been demonstrated that IFN-α in the serum of SLE patients drives the maturation of monocytes into DCs (48) . The ability of these mDCs to engulf apoptotic cells and activate autoreactive T cells and B cells has been hypothesized to drive the autoimmune response in SLE (48) . Our study suggests that activation of PDCs by SLE-ICs through the TLR9/CD32 pathway may be a major source of IFN-α in this disease.
We found that SLE-IC stimulation of PDCs also induced the production of many other cytokines and chemokines in addition to IFN-α. In SLE, deposition of ICs in tissues leads to the production of multiple proinflammatory cytokines and chemokines. Local production of the chemokines IL-8, MCP-1, and RANTES has been noted in inflamed joints of SLE patients (49, 50) , and serum levels of MCP-1 and IP-10 are higher in SLE patients than in controls. The importance of chemokines in the pathogenesis of lupus nephritis has been suggested by experiments in a spontaneous mouse model of SLE. Crossbreeding of mice that are prone to develop nephritis to mice that are genetically deficient for MCP-1 reduced macrophage and T cell recruitment to the kidney, protecting offspring from kidney disease and prolonging their survival (51) . Our data suggest that the TLR9/CD32 pathway can mediate SLE-IC-induced production of multiple cytokines and chemokines that play important roles in the pathogenesis of SLE.
Our data extend the recent findings by Boule et al., which demonstrated that artificial chromatin-containing, but not purely protein-containing, IgG ICs activated murine bone marrowderived DCs purified from wild-type mice (52) . Induction of TNF by chromatin-ICs was shown to be significantly reduced in DCs purified from MyD88 or TLR9-deficient mice. Interestingly, not all of the chromatin-IC activity was abolished in MyD88/TLR9-deficient DCs, suggesting the existence of another MyD88/TLR9-independent pathway. This study also evaluated the role of FcRs in DC activation by chromatin ICs and found that stimulation of DCs from FcγRIII-deficient mice did not produce TNF in response to chromatin ICs, while DCs from FcγRII-deficient mice did (52) . This contrasts with our findings using human PDCs and human SLE sera, which demonstrate that FcγRIIa is required for human PDC activation by SLE-IC. These differences likely reflect the heterogeneity in FcR and TLR9 expression and function on human and murine DC subsets. Thus, FcγRIII is required for murine bone marrow-derived DC activation by chromatin ICs while FcγRIIa is required for human PDC activation by SLE-ICs. These data emphasize the limitations of mouse models of SLE and the need for further study in humans.
In this report we provide evidence that a novel functional interaction between CD32 and TLR9 mediates the activation of PDCs by SLE-ICs. This TLR9/CD32 pathway is distinct from the BCR/ TLR9 pathway previously described in B cells, in which the BCR is required for delivery of CpG DNA to TLR9. These findings suggest that the TLR9/CD32 pathway we have now shown to be operative in PDCs may prove to be a novel target for future SLE therapies.
Methods
Cells, plasmids, and reagents. HEK cells stably expressing TLR9, TLR2, TLR3, or TLR4/MD-2 were described previously (32, 53) . The cDNA for human CD32A was a gift from Jeffrey Ravetch (Rockefeller University, New York, New York, USA). The CD32A cDNA was recloned into pECFP-N1 (BD Biosciences -Clontech) vector and is expressed as a fusion protein containing a fluorescent C-terminal ECFP tag. Retroviral constructs were made by recloning YFP-tagged TLR9 and CFP-tagged CD32 into peak12mmp. U373 cells stably expressing YFP-tagged TLR9 and CFP-tagged CD32 were generated following retroviral infection. Immobilized papain and pepsin were obtained from Pierce. Immobilized DNase I was constructed by coupling 100 mg of DNase I (Invitrogen Corp.) to 20 ml of Affigel-10 (Bio-Rad Laboratories). FuGENE6 was purchased from Roche Diagnostics. Human GM-CSF was purchased from PeproTech Inc. Lysotracker Red was purchased from Molecular Probes Inc. All other reagents were purchased from Sigma-Aldrich unless stated otherwise.
Cell purification. Buffy coats were obtained from healthy volunteers and fractionated over Histopaque-1077. The PBMC layer was recovered and erythrocyte depleted by incubation in red blood cell lysis buffer for 5 minutes at room temperature. Primary human PDCs were purified from the PBMCs by immunomagnetic-positive selection using BDCA-4 microbeads (Miltenyi Biotec). In some experiments, PDCs were cell sorted on a MoFlo (Cytomation Inc.) using fluorescently labeled antibodies against BDCA2, BDCA4, and CD32. The isolated PDCs were consistently 95%-98% BDCA4 + BDCA2 + , as measured by flow cytometry. Human T and B cells were purified using indirect magnetic labeling systems (Miltenyi Biotec) for the isolation of untouched T and B cells from human blood. The isolated T and B cells were more than 97% CD3 + and CD19 + , respectively, as assessed by flow cytometry. Human mDCs and PMNs were generated as previously described (54, 55) . Purity of PMNs was more than 95% as measured by differential count following Diff-Quik staining. All cells were cultured in complete medium (RPMI 1640, 1% L-glutamine, 1% penicillin/streptomycin, and 10% low endotoxin FCS) and maintained at 37°C and 5% CO2.
QPCR. Total RNA was extracted using the RNeasy Kit according to the manufacturer's protocol (QIAGEN). After DNase I (Invitrogen Corp.) treatment, 1 μg of total RNA from each sample was used as a template for the reverse transcription reaction. 100 μl of cDNA was synthesized using Oligo(dT)15, random hexamers, and MultiScribe Reverse Transcriptase (Applied Biosystems). All samples were reverse transcribed under the same conditions (25°C for 10 minutes, 48°C for 30 minutes) and from the same reverse transcription master mix in order to minimize differences in reverse transcription efficiency. The 25 μl QPCR reaction contains 2 μl of cDNA, 12.5 μl of 2× SYBR Green Master Mix (Stratagene), and 250 nmol of sense and antisense primer. The reaction conditions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Emitted fluorescence for each reaction was measured during the annealing/extension phase, and amplification plots were analyzed using MX4000 software, version 3.0 (Stratagene). A series of standards was prepared by performing 10-fold serial dilutions of full-length cDNAs in the range of 20 million copies to 2 copies per QPCR reaction. Quantity values (i.e., copies) for gene expression were generated by comparison of the fluorescence generated by each sample with standard curves of known quantities. Next the calculated number of copies was divided by the number of copies of the housekeeping gene GAPDH. In addition, we saw no significant changes in the QPCR results when the data were normalized using another constitutively active gene, β2-microglobulin.
Quantitation of cytokines by ELISA. Human CXCL8/IL-8 (BioSource International Inc.) and IFN-α protein levels in the PDC and HEK culture supernatants were measured by sandwich ELISA according to the manufacturer's protocol (R&D Systems).
IgG subclass detection. To determine the IgG subclass distribution of autoantibodies against dsDNA in our purified SLE-ICs, ELISAs were performed using antibodies specific for each IgG subclass (see Supplemental Table 1 ). Briefly, purified SLE-ICs were added to microtiter plates that were precoated with DNA for 3 hours at 25°C. Plates were washed and mouse anti-human monoclonal antibodies (anti-IgG1, 2, 3, 4; Research Diagnostics Inc.) were added to separate wells for 1 hour at 25°C. Following incubation, the plate was washed, and substrate solution reactive with HRP was added to each well. The reaction was terminated by the addition of acid, and the absorbance was measured at 450 nm on a Molecular Devices plate reader.
Purification of ICs. ICs were prepared from the serum of SLE, rheumatoid arthritis, and Sjogren syndrome patients during a flare or with active disease (i.e., arthritis, rash, renal disease, high ANA/DNA titers) based on clinical classification criteria (ref. 56; see Supplemental Table  1 ). Patient serum was screened using HEp-2 ANA test and anti-DNA Crithidia luciliae test (Clinical Immunology Laboratory, Massachusetts General Hospital; ref. 57) . Only serum samples with true positive ANA (greater than 1:640) and/or anti-DNA (greater than 1:80) titers were selected. These studies were approved by the Institutional Review Board of Massachusetts General Hospital. The serum was passed through a 0.45 μm filter and applied to an antibody-purification spin column (Prosep-G, Millipore Corp.). The flow-through (precleared SLE serum) was saved and used in some experiments ( Figure 1B) . Next, the eluted ICs were desalted and concentrated using an Amicon centrifugal filter device with a 300,000 nominal molecular weight limit (NMWL) cutoff. The stability of ICs greater than 300,000 NMWL following purification was verified by C1q and anti-DNA ELISA assays (Alpha Diagnostics International). ICs (IgG:nuclear proteins) from non-SLE patients were also purified by the above method. Some purified ICs were labeled with Alexa Fluor 633, using a protein-labeling kit (Molecular Probes Inc.). In control experiments, we found that purification and labeling of SLE-ICs did not affect their stimulatory activity (data not shown).
Purification of anti-DNA ICs. To purify anti-DNA ICs we incubated SLEICs with DNA-coated Miltenyi microbeads (Miltenyi Biotec). The magnetically labeled anti-DNA ICs were bound to a separator column placed in a magnetic field while other proteins were washed away. Next, the separator column was removed from the magnetic field, and the anti-DNA ICs were eluted with PBS. Finally, the purified ICs were concentrated using an Amicon centrifugal filter device with a 300,000 NMWL cutoff and labeled with
